Abstract-A low pass filter with ultra-wide band rejection and compact size using a proposed radial loaded transformed radial stubs is introduced and investigated. The implemented unite cell low pass filter with 1-dB cutoff frequency f c of 3.2 GHz demonstrates stopband rejection up to 11.8 f c , i.e., 38 GHz. The design is further extended to the high-order LPF through cell cascading. The implemented four-cell LPF with f c of 3.6 GHz demonstrated 35 dB rejection from 4.8 GHz to 39 GHz, 50 dB rejection from 5.4 GHz to 26 GHz (7.2 f c ) and 20 dB rejection from 4.4 GHz to 50 GHz (13.8 f c ). The measured passband insertion loss is less than 1.7 dB, and group delay is 0.45 ∼ 0.8 nS. The size of the four-cell low pass filter is only 0.33λ g × 0.135λ g , (λ g is the guide wavelength at center cutoff frequency) without using any lumped elements.
INTRODUCTION
Low-pass filters (LPFs) are a crucial type of filters in the filter family. It is adopted to remove undesired harmonics or spurious of the nonlinear circuits in RF front-end. Wide stopband and high stopband rejection are important for LPF to improve the linearity and signal over noise ratio especially in the high data rate and wideband communication systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . A good LPF is needed to suppress the mixed frequency elements and leakages of radio frequency (RF) and local oscillator (LO) frequency from the mixer. The merits of stepped-impedance hairpin resonators are their relatively smaller size and additional zeros in the stopband achieved through additional electric coupling path [1] [2] [3] . Recently, defected ground structure (DGS) usage in the LPFs for wide stopband has been demonstrated [4] [5] [6] . A new low pass configuration using transformed radial stubs (TRS), formed by the coupled line transformer connected with a radial stub (the radial stub has intrinsic wide stopband characteristics [7, 8] ), is proposed in [9, 10] . The implemented LPF with a planar configuration and free of lumped resistor-inductor-capacitor (R-L-C) elements demonstrates an ultra-wide stopband stopband rejection better than 25 dB up to 24 GHz (8 f c ). However, the stopband is only up to 24 GHz i.e., 8 f c , which may not be enough for some applications such as millimeterwave communication or radar. In this paper, while keeping the same size as the TRS LPF, we further extend the stopband of the TRS LPF cell up to 13.8 f c by introducing the radial loading at the transformer ends, which almost do not change the overall size of the TRS LPF. Meanwhile, a equivalent circuit model is introduced for the investigation of the proposed LPF. A low pass configuration as shown in Figs. 1(c) and (d) using radial loaded transformed radial stubs (RLTRS) as shown in Fig. 1 , which is formed by the coupled line transformer connected with one big radial stub in one end and two smaller radial stubs in the other end, is proposed and investigated to achieve a unique planar non-lumped-element LPF with steep rolloff, ultra wide stopband, compact size and low cost simultaneously. The implemented four-cell LPF with f c of 3.6 GHz demonstrated 35 dB rejection from 4.8 GHz to 39 GHz, i.e., 10.8 f c , 50 dB rejection from 5.4 GHz to 26 GHz (7.2 f c )and 20 dB rejection from 4.4 GHz to 50 GHz (13.8 f c ) and the size only of 0.33λ g × 0.135λ g . To the best of the authors' knowledge, it is the best performance of the planar nonlumped element LPFs reported in the publication. 
LOADED TRS LPF CELLS
Figures 1(c) and (d) show two types of RLTRS LPF cell. Both of the structures could be approximately equivalent to the circuit elements as shown in Fig. 2 (a). The circuit in Fig. 1 (a) can be modeled as the lumped element model as shown in Fig. 2(b) . The model of the unit cell can be derived from the transmission line elements, such as radial stubs, coupled lines, and the transmission lines, all of which can be represented as the lumped circuit elements in certain frequency range [10] .
For the radial stubs shown in the inset of Fig. 2 (a), March [7] obtained the input impedance in the following form:
where J x and Y x are the x-order Bessel functions of the first and second types, respectively, β = 2π √ ε eff /λ 0 the phase constant, h is the thickness of the dielectric layer, and ε eff the effective dielectric constant of a microstrip line having a width W eqstub = (r 0 + r i ) sin(θ/2). Assuming r 0 < λ 0 /8 and r i ≈ λ 0 /10, we expand the Bessel functions in Equation (1) into a series and keep up to the first order terms, resulting (a) (b) Figure 2 . Connections of loaded LPF cell and its equivalent circuit model in Fig. 1(d) . in
which is equivalent to a series combination of a capacitor C r and an inductor L r . (5)- (11) given in [10] :
With the transmission line models, the structure in Fig. 1(c) and Fig. 1(d) can be treated as the cascading of the elements as shown in Fig. 2(a) . The major element values are given in Equations (3)- (11) .
The symmetrical physical based model as shown in Fig. 2 (b) can be analyzed using the even-and odd-mode method. The even-and odd-mode equivalent circuits of the derived physical circuit model in Fig. 2(b) are given in Fig. 3(a) and Fig. 3(b) , respectively. The evenand odd-mode admittances of the equivalent circuit models can be calculated by using Equations (12) and (13):
(13) The transmission and reflection response of the proposed equivalent circuits can be calculated through the odd-and even-mode admittances as in [10] .
The RF board RO5880 with dielectric constant of 2.2 and thickness of 10 mil from Rogers Corporation is used in the following design and investigation. The low pass filter is designed with 1 dB cutoff frequency at 3.2 GHz, the stopband to 11. 
HIGH ORDER RADIAL LOADED TRS LPF DESIGN
Although the unit RLTRS cell has intrinsic excellent stopband with multiple zeros generated in stopband, the stopband rejection as well as the rolloff may not meet some application requirements. The higher order RLTRS LPF by cascading multiple RLTRS cells is designed to further improve the rejection depth and the skirt selectivity. The fourcell RLTRS LPF topology based on cell network cascading in [8] is shown in Fig. 5(a) . The implemented filter photograph is shown in Fig. 5 the rejection is better than 50 dB. The skirt selectivity for the four-cell LPF is up to −122 dB per octave. The measured group delay in the passband is 0.45 ∼ 0.8 ns. The insertion loss is better than 1 dB in DC ∼ 2.8 GHz and better than 1.7 dB from DC to 3.6 GHz. The board sizes of the proposed planar low pass filter, as photograph shown in Fig. 5 , is only 20 mm times 8.2 mm (0.33λ g × 0.135λ g ).
CONCLUSION
In this paper, a radial loaded TRS LPF is proposed and investigated. The physical based equivalent circuit model is derived. The unit cell and four-cell LPFs are designed and implemented to demonstrate the stopband improvement by using radial loading. The measured results of the proposed filters demonstrate not only an ultra-wide stopband, deep stopband rejection, low insertion loss and compact size, but also good group delay and skirt selectivity.
